Bcr-Abl tyrosine kinase inhibitors (TKIs) have been a remarkable success for the treatment of Ph ؉ chronic myeloid leukemia (CML). However, a significant proportion of patients treated with TKIs develop resistance because of leukemia stem cells (LSCs) and T315I mutant Bcr-Abl. Here we describe the unknown activity of the natural product berbamine that efficiently eradicates LSCs and T315I mutant BcrAbl clones. Unexpectedly, we identify CaMKII ␥ as a specific and critical target of berbamine for its antileukemia activity. Berbamine specifically binds to the ATPbinding pocket of CaMKII ␥, inhibits its phosphorylation and triggers apoptosis of leukemia cells. More importantly, CaMKII ␥ is highly activated in LSCs but not in normal hematopoietic stem cells and coactivates LSC-related ␤-catenin and Stat3 signaling networks. The identification of CaMKII ␥ as a specific target of berbamine and as a critical molecular switch regulating multiple LSC-related signaling pathways can explain the unique antileukemia activity of berbamine. These findings also suggest that berbamine may be the first ATP-competitive inhibitor of CaMKII ␥, and potentially, can serve as a new type of molecular targeted agent through inhibition of the CaMKII ␥ activity for treatment of leukemia. (Blood. 2012; 120(24):4829-4839)
Introduction
Chronic myeloid leukemia (CML), which accounts for approximately 20% of all adult leukemias, 1 is characterized by the presence of the Philadelphia chromosome (Ph ϩ ), which results from a chromosomal translocation between the Bcr gene on chromosome 22 and the Abl gene on chromosome 9. 2 This translocation produces the fusion protein Bcr-Abl that has constitutive kinase activity 3 and is essential for the growth of CML cells and has become an attractive target for treatment of Ph ϩ CML cases, and the Abl tyrosine kinase inhibitors (TKIs) are now first-line therapeutic agents. [4] [5] [6] Inhibition of Bcr-Abl with Abl tyrosine kinase inhibitors (TKIs), such as imatinib (IM), is highly effective in controlling CML at chronic phase but not curing the disease. This is largely because of the inability of these kinase inhibitors to kill leukemia stem cells (LSCs) responsible for initiation, drug resistance, and relapse of CML [4] [5] [6] and Bcr-Abl gene mutation, particularly T315I mutant Bcr-Abl clones. [7] [8] [9] Thus, drug resistance associated with TKIs has created a need for more potent and safer therapies against other targets apart from the Bcr-Abl oncogenic kinase.
Increasing evidence shows that traditional Chinese medicine (TCM) products not only play important roles in the discovery and development of drugs, but can also be used as molecular probes for identifying therapeutic targets. Homoharringtonine, arsenic trioxide, and triptolide are 3 famous examples. [9] [10] [11] Berbamine (BBM) is a structurally unique bisbenzylisoquinoline isolated from TCM Berberis amurensis, and has been used in traditional Chinese medicine for treating a variety of diseases from inflammation to tumors for many years. 12, 13 It possesses a unique profile of biologic activities. Berbamine and its derivatives have been shown potent anti-inflammatory 14, 15 and antitumor activities. 16 We previously demonstrated that berbamine and its derivatives potently inhibited the growth of imatinib (IM)-resistant CML cells but not normal hematopoietic cells. 17, 18 Extensive scrutiny of its molecular targets and mechanism of action in the past few decades has provided important insights. At the cellular level, berbamine exhibits significantly antiproliferative activities of a variety of leukemia, [17] [18] [19] [20] [21] lymphoma, 22 multiple myeloma, 23 and solid tumor cell lines. [24] [25] [26] [27] At the molecular level, berbamine-mediated antitumor activity was shown to be involved in PI3K/Akt, 22 nuclear factor kappaB, 23 Fas-mediated apoptosis, 26 calmodulin, 28, 29 phospholipase A2, 16, 30, 31 P-glycoprotein, 24 and telomerase activity. 32 A previous study showed that compound E6, an analog of berbamine, can inhibit calmodulin-dependent myosin light chain kinase (MLCK) activity through affecting calmodulin (CaM) but not MLCK. 33 Thus, the molecular target of berbamine has not been identified and its molecular mechanism also remains largely elusive to date.
In this study, we first evaluated whether berbamine affected LSC and T315I mutant-Bcr-Abl cell clones of CML and then used berbamine as a molecule probe to identify molecular targets of berbamine for its antileukemia activity. We systematically evaluated the effects of berbamine on the candidate targets through compound structure-activity relationship (SAR) in vitro and in vivo, and computer docking modeling. Both in vitro and in vivo studies revealed that berbamine can override TKI-resistance to LSC and T315I mutant-Bcr-Abl and that Ca 2ϩ /calmodulindependent protein kinase II ␥ (CaMKII ␥) was a specific and critical target of berbamine for its antileukemia activity. Moreover, we found that CaMKII ␥ was a critical molecular switch for regulating NF-B, Wnt/␤-catenin, and Stat3 pathways. In particular, CaMKII ␥ was highly activated in CML LSCs, but not in normal blood cells. Thus, targeting CaMKII ␥ offers a unified molecular mechanism of the natural product berbamine that can efficiently eradicate LSC and T315I mutant Bcr-Abl clones. We also revealed a previously unknown activity of berbamine: targeting the ATP-binding pocket of CaMKII ␥, which has important implications in the application of berbamine analogs for treatment of CML.
Methods

Reagents and antibodies
Phospho-CaMKII ␥ (Thr287) and CaMKII ␥ rabbit antibodies were prepared in our laboratory and the antibody dilutions for Western blotting are 1:2000 and 1:1000, respectively. NF-Bp65, laminm, PARP, caspase-3, caspase-9, IKK␣, IkB␣, GAPDF, and ␤-actin antibodies were from Santa Cruz Biotechnology; ␤-catenin, phosphor-PKC, PKC antibodies were purchased from Cell Signaling Technology. Phosphor-Stat3 (Tyr705) mouse mAb and ␤-catenin rabbit antibody were purchased from Cell Signaling Technology. Stat3 mouse mAb was obtained from Santa Cruz Biotechnology. L-C3II antibody and purified recombinant CaMKII ␥ protein were purchased from Sigma-Aldrich.
Ethics statement
Normal blood cells and primary leukemia cell samples were isolated from healthy volunteers or leukemia patients with their written informed consent in accordance with the Declaration of Helsinki. All experiments were approved by the ethics committee of Second Affiliated Hospital, School of Medicine, Zhejiang University.
Computer docking
A model of the CaMKII ␥ in complex with calmodulin was built using Modeller based on the x-ray crystal of CaMK2␦/calmodulin complex.
Cell culture
Two pairs of human CML cell lines were used: K562 and IM-resistant K562 containing 2.5% CD34 ϩ cells, and KCL-22 and IM-resistant KCL-22M with T315I mutant Bcr-Abl. Cells were cultured in RPMI-1640 supplemented with 10% fetal calf serum at 37°C in a 95% air, 5% CO 2 humidified incubator.
Kinase assay
CaMKII␥ kinase activity assays were performed as previously described. 34 
TKI-resistant K562 cells and primary CML xenograft models and treatment
All animal procedures were approved by the institution's ethics committee. To establish xenograft model, female nude mice (6-weeks) were injected subcutaneously in the left or right flank with 2 ϫ 10 7 TKI-resistant K562 cells in a 0.2-mL suspension. To establish primary CML xenograft model, female nude (6-weeks) were injected subcutaneously in the left or right flank using primary CML cells from a CML patient at blast crisis. BBM or imatinib or vehicle was administered at 100 mg/kg body weight orally 3 times daily for 10 consecutive days. Tumor and mouse weights were measured at the end of experiments.
Western blotting analysis
Cell specimens were washed twice with PBS buffer and total cellular protein was extracted using radio-immunoprecipitation assay (RIPA). Cell extracts were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to nitrocellulose membranes (NC; Whatman) and blocked with 5% nonfat milk in PBS-Tween 20 (PBS-T) and then reacted with primary antibodies overnight at 4°C. After washing 3 times with PBS-T, membranes were probed with a horseradish peroxidase-conjugated secondary antibody for 1 hour at room temperature, and reacted with SuperSignal West Pico chemiluminescent substrate (Pierce).
Statistical analysis
Results are expressed as means Ϯ SD. Differences were evaluated by t test analysis of variance and P values less than .05 were considered statistically significant.
Results
Berbamine overrides TKI-resistance to LSCs and T315I mutant-Bcr-Abl of CML
Because the TKI-resistance in Ph ϩ leukemia is mainly because of the insensitivity of LSCs to these TKIs and the selection of cells expressing TKI resistant Bcr-Abl mutants, especially T315I mutantBcr/Abl, Corbin and Hamilton reported that the inhibition of Bcr-Abl kinase activity alone is insufficient to eradicate LSCs, and that an unknown Bcr-Abl kinase activity-independent pathway in CML plays a crucial role in the maintenance of these cells. 35, 36 Our previous studies showed that the natural product berbamine analogs exhibit antiproliferative effects on IM-resistant CML cells, 17, 18 but it is unknown whether these compounds affect LSCs and T315I mutant Bcr-Abl clones of CML. Therefore, we used 2 pairs of CML cell models: IM-resistant K562 cells containing CD34 ϩ cells and IM-resistant KCL-22M cells harboring T315I mutants of Bcr-Abl, to determine whether berbamine affected LSCs and T315I mutant Bcr-Abl clones. Leukemia cells were treated with berbamine or imatinib at various concentrations for 72 hours and cell proliferation was measured. Surprisingly, both LSCs and T315I mutants did not affect berbamine's antileukemia activity ( Figure 1A-B) . Unlike IM which failed to inhibit both IM-resistant K562 and KCL-22M cells ( Figure 1C-D) , berbamine not only significantly inhibited IM-resistant K562 and KCL-22M cells but also IM-sensitive-K562 and KCL-22 cells ( Figure 1A-B) . To confirm these observations, primary CML CD34 ϩ stem cells and CD34 Ϫ leukemia cells from CML patients at blast crisis were treated with BBM or IM at various concentrations for 72 hours and cell viability was measured. As expected, BBM also potently suppressed the growth of both CML CD34 Ϫ leukemia cells and CD34 ϩ stem cells, the IC 50 values were 2.78 g/mL and 2.68 g/mL, respectively ( Figure 1E ). In contrast, IM preferentially inhibited the growth of CD34 Ϫ leukemia cells compared with CD34 ϩ stem cells, and the IC 50 values for CD34 Ϫ leukemia cells and CD34 ϩ stem cells were 1.28 g/mL and 2.62 g/mL, respectively ( Figure 1E ). To validate whether BBM could eradicate IM-resistant K562 leukemia xenografts in vivo, nude mice bearing IM-resistant K562 xenografts were dosed with BBM. As shown in Figure 2A , berbamine induced pronounced regression of IM-resistant K562 leukemia xenografts without obvious body weight loss ( Figure 2B ). In addition, berbamine also significantly CaMKII ␥ IS A TARGET OF BERBAMINE 4831 BLOOD, 6 DECEMBER 2012 ⅐ VOLUME 120, NUMBER 24 For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From To determine which cell death pathway was induced by berbamine, IM-resistant K562 cells were treated with berbamine at 4.0 g/mL in the presence of zVADfmk, NEC-1, and IM-54 for 48 hours and cell viability was measured using FCM. As presented in Figure 3A , berbamine-treated leukemia cells had a markedly increased viability in the presence of z-VADfmk, and a slightly increased viability in the presence of NEC-1 and IM-54 ( Figure  3A ). Western blot results showed that PARP cleavage, as well as cleaved-caspases 3 and 9, were detected in berbamine-treated cells ( Figure 3B ). These results indicate that apoptosis pathway is mainly activated along with the necroptosis and necrosis in CML cells after treatment with berbamine. To assess whether autophagy is also involved in berbamine-induced cell death, we subsequently evaluated the expression level of LC-3 II of cells treated with BBM. Interestingly, we also observed a marked increase of LC3 II after BBM treatment for 48 hours ( Figure 3C ). These findings suggest that berbamine overrides TKI-resistance to LSCs and T315I mutant Bcr-Abl clones through inhibiting unknown Bcr-Abl kinase activity-independent pathway.
Berbamine binds to and inhibits CaMKII ␥ of CML cells
To identify molecular targets of berbamine, berbamine was chemically linked to an agarose affinity matrix and used as a molecular probe. Whole cell lysates of K562 cells were incubated with the berbamine affinity matrix. After extensively washed, the interaction proteins with berbamine on the affinity matrix were eluted using berbamine as a competitor (see supplemental Methods, available on the Blood Web site; see the Supplemental Materials link at the top of the online article). SDS-PAGE analysis revealed that 2 bands of approximately 62 kDa and 54 kDa were captured by berbamine ( Figure 4A lane 1) . These 2 bands were identified as CaMKII ␥ isoform 1(62 kDa) and isoform 3 (54 kDa), respectively, by mass spectrometry (MS) and confirmed by Western blot ( Figure  4A lane 3) . Notably, berbamine also bound to active (phosphorylated)-CaMKII ␥ (pCaMKII ␥), suggesting that berbamine may target both nonphosphorylated CaMKII ␥ and active CaMKII ␥ ( Figure 4A lane 4) . To confirm whether berbamine binds directly to CaMKII ␥, we performed a GST pull-down assay. Purified GST-CaMKII ␥ or GST protein was incubated with biotinylated berbamine and the complex was isolated with streptavidin agarose. Western blot showed that berbamine specifically pulled down CaMKII ␥ protein, but not GST protein ( Figure 4B ). To investigate whether berbamine binds to CaMKII ␥ protein in cells, we transiently overexpressed CaMKII ␥ that was fused to an enhanced green fluorescent protein (EGFP-CaMKII ␥) using 293T cells and then treated the cells with biotinylated berbamine, which was revealed by Rhodamine conjugated streptavidin (supplemental Methods). We observed that biotinylated berbamine was colocalized with EGFP-CaMKII ␥ in a specific manner in 293T cells ( Figure 4C ). CML cells were treated with BBM at 4 g/mL in the presence of z-VAD (50M), Nec-1 (25M), or IM-54 (5M) for 24 hours, and then collected for analysis of cell viability using FCM (*P Ͻ .01). (B-C) Berbamine treatment induced cleaved PARP, cleaved-caspase-3, cleaved-caspase-9, and LC3-II levels of CML cells in dose-dependent manners. CML cells were treated with BBM at the indicated concentrations for 48 hours, followed by Western blot analysis for PARP, caspase-3, caspase-9, and LC3-II. ␤-actin was used as a loading control.
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To examine whether berbamine analogs inhibit CaMKII ␥ activity in vitro, purified CaMKII ␥ was activated by Ca 2ϩ / calmodulin and treated with berbamine analogs. As expected, berbamine inhibited the activity of CaMKII ␥, and its IC 50 value was approximately 4.0 g/mL. Moreover, 2-methylbenzoyl berbamine, a berbamine analog with more potent antileukemia activity, exhibited more potent inhibition activity for this kinase, and its IC 50 value was approximately 0.5 g/mL.
Berbamine selectively binds to CaMKII ␥ by targeting ATP binding pocket
To determine whether berbamine selectively targets to CaMKII-␥, we constructed a variety of CaMKs expression vectors, including CaMKII ␥, CaMKII ␣, CaMKII ␦, CaMKI and CaMKIV, and transfected 293T cells (supplemental Methods). Cellular proteins were extracted for coimmunoprecipitation using biotinylated berbamine. Western blot results showed that biotinylated berbamine strongly bound to CaMKII ␥, and weekly bound to CaMKII ␣, but not to CaMKII ␦, CaMKI, and CaMKIV ( Figure 4D ). These results indicate that berbamine selectively targets to CaMKII ␥ but not to other CaMKs.
To reveal the potential binding pockets of CaMKII ␥ for berbamine, we built a model of the CaMKII ␥ in complex with calmodulin. As shown in Figure 4E and F, modeling the binding of berbamine shows the potential to bind into ATP binding pocket. Figure 4F shows the best docking poses of ATP (blue), berbamine For personal use only. on April 13, 2017. by guest www.bloodjournal.org From (green) and 2-methylbenzoyl berbamine (red) in the ATP-binding sites. The 3 molecules all fit the groove and are tightly clamped by the 4 residues in CaMKII ␥: K43 (shown as purple), V74 (black), F90 (yellow), and D157 (brown). This is predicted to compete with ATP molecule. To verify whether berbamine is clamped by these amino acid residues, we constructed 2 mutants of CaMKII ␥ using site-directed mutagenesis (supplemental Methods). One is mutated Lys 43 of this kinase to methionine to generate a kinase-deficient CaMKII ␥ mutant labeled 43kd-MT. The other is a deletion mutated Asp 157 of the kinase labeled 157del-MT. We next transfected 293T cells with these mutant CaMKII ␥ kinases for 48 hours and then extracted total cellular proteins for coimmunoprecipitation. Western blot results showed that mutation of Lys 43 (43kd-MT) abolished binding of berbamine to this kinase, and deletion of the Asp 157 (157del-MT) greatly attenuated binding of berbamine to this kinase ( Figure 4D ). Consistent with these observations, we found that the inhibitory effect of berbamine on CaMKII ␥ activity was overcome by increasing the concentrations of ATP molecules (supplemental Figure 1) . These results suggest that berbamine may be an ATP-competitive inhibitor of CaMKII ␥.
Berbamine inhibits CaMKII ␥-dependent NF-B, ␤-catenin, and Stat3 signaling pathways
Berbamine analogs inhibit NF-B signaling pathways, 20, 22 which is constitutively activated in primitive leukemia stem/progenitor cells. 37 Moreover, CaMKII ␥ mediates activation of NF-B signaling pathway in leukemia cells. 38 Therefore, we next examined the effects of berbamine on downstream targets of CaMKII ␥. K562 cells were treated with berbamine and then collected for analyses of NF-B signaling pathway. As shown in Figure 5A , berbamine treatment significantly down-regulated IKK␣, a downstream target of CaMKII ␥, with a dose-dependent manner, which in turn caused an increase of IkB␣ ( Figure 5A ). Consistent with these results, treatment of leukemia cells with berbamine and 2-methylbenzoyl berbamine (2MBBM) resulted in a significant decrease of the nuclear NF-B p65 protein, but the cytoplasmic NF-B p65 protein was not changed substantially ( Figure 5B ). Immunofluorescence staining results further confirmed that the treatment of leukemia cells with berbamine led to the blockage of NF-B p65 into the nuclei ( Figure 5C ; supplemental Methods).
To determine whether berbamine had potent off-target effects that would block other signaling molecules, we tested its ability to inhibit phosphorylation of protein kinase C ␣ (PKC ␣), an upstream target of CaMKII ␥. At concentrations that significantly inhibited phosphorylation of CaMKII ␥, berbamine had no effect on phosphorylation of PKC ␣ ( Figure 5A ). These results suggest that the observed inhibition of CaMKII ␥ by berbamine is not the consequence of nonspecific toxicity at the cellular level, and that CaMKII ␥ is probably the target of berbamine for its antileukemia activity.
It is known that CaMKII ␥ is also a critical activator of Wnt/␤-catenin and Stat3 pathways. 39 Thus, we next determined whether berbamine affect ␤-catenin and Stat3, which are essential for survival and self-renewal of LSCs, 40, 41 in leukemia cells. 
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GU et al BLOOD, 6 DECEMBER 2012 ⅐ VOLUME 120, NUMBER 24 For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From Leukemia cells were treated with berbamine, and total cellular proteins were extracted for analysis of ␤-catenin and Stat3. The Western blot results showed that berbamine treatment caused a significant decrease of ␤-catenin protein levels with dosedependent manners ( Figure 5D ). Similarly, berbamine also potently inhibited phosphorylation of Stat3 of CML cells ( Figure 5E ).
CaMKII ␥ is a critical target of berbamine for its antileukemia activity
To determine whether berbamine-mediated antileukemia activity is mainly caused by inhibition of CaMKII ␥ activity, we synthesized 54 berbamine analogs with IC 50 for inhibition of cell proliferation spanning 3 orders of magnitude 18 and performed structure-activity relationship (SAR) analysis. O-(ethoxycabonylmethyl)berbamine) (BBD5), an inactive analog, was used as a negative control. 2-methylbenzoyl berbamine (BBD24), a potent active analog, was used as positive active compound for checking its inhibitory effect on CaMKII ␥ activity ( Figure 6A ). We selected 6 berbamine analogs with IC 50 for inhibition of cell proliferation spanning 3 orders of magnitude: BBM and analogs BBD3, BBD12, BBD15, BBD24, and CP15 for their antiproliferative effect on leukemia cells and inhibitory effect on pCaMKII ␥ (supplemental Table 1 ).
MTT assay results showed that the IC 50 values of BBM, BBD3, BBD12, BBD15, BBD24, and CP15 for leukemia cells were 5.43, 0.27, 1.2, 2.36, 0.5, and 8.34 g/mL, respectively. Western blot analysis revealed that the IC 50 values of BBM, BBD3, BBD12, BBD15, BBD24, and CP15 for inhibition of CaMKII ␥ activity were 6.0, 0.5, 1.5, 2.0, 0.45, and 8.0 g/mL, respectively (supplemental Table 1 ). There was a significant correlation between IC 50 values of the analogs for leukemia cell proliferation and inhibition of pCaMKII ␥ ( Figure 6B ; R 2 ϭ 0.9867), providing further evidence that berbamine-induced inhibition of leukemia cell proliferation is involved in blockage of CaMKII ␥ activity.
To further confirm these observations, we next overexpressed CaMKII ␥ with pRetroX-Tight-puro virus expressing CaMKII ␥ (supplemental Methods), and then determined if berbamineinduced proliferative inhibition is attenuated by CaMKII ␥. As expected, overexpression of CaMKII ␥ significantly attenuated berbamine-induced growth inhibition of leukemia cells in a dosedependent manner ( Figure 6C ; P Ͻ .01). Consistently, Western blot results showed that phosphor-CaMKII ␥ protein level was well correlated with berbamine doses (Figure 6C bottom) . In addition, overexpression of CaMKII ␥ enhanced proliferation of leukemia cells by 1.5 fold at 48 hours ( Figure 6C right). To demonstrate that CaMKII ␥ is indeed the critical target of berbamine, we evaluated the effect of knockdown of CaMKII ␥ expression on CML cell growth and berbamine-mediated cell growth inhibition using shRNA (supplemental Methods). We found that partial knockdown of the kinase significantly inhibited the growth of CML cells (supplemental Figure 2A-B ; P Ͻ .01) and sensitized CML cells to berbamine (supplemental Figure 3 ; P Ͻ .01). To validate these observations in vivo, we established a K562 leukemia xenograft model with overpression of CaMKII ␥, and then tested the effects of CaMKII ␥ level on berbamine-induced tumor growth inhibition in vivo (supplemental Methods). In agreement with in vitro observations, overexpression of CaMKII ␥ not only markedly attenuated berbamine-induced growth inhibition of xenograft tumors, but also greatly promoted the growth of leukemia xenograft tumors ( Figure 6D ; supplemental Figure 4) . Consistently, histologic analysis of xenograft tumors revealed that BBM-treated mice displayed necrosis with a decrease of cell nuclear proliferation antigen PCNA, whereas tumor tissues from control mice mainly consisted of proliferating tumor cells (Figure 6E-F) . To verify whether berbamine inhibits CaMKII ␥-dependent NF-B, ␤-catenin, and Stat3 signaling pathways in vivo, we determined the effect of berbamine on signaling pathways of tumor cells after therapy using western blots. Consistent with observations in vitro, berbamine also inhibited CaMKII ␥-dependent NF-B, ␤-catenin and Stat3 signaling pathways, but not PKC␣ (supplemental Figure 5) . Together, these findings clearly indicate that CaMKII␥ is a critical target of berbamine for its antileukemia activity.
To determine whether CaMKII ␥ expression is associated with LSC, we analyzed CaMKII ␥ in CD34 ϩ /CD38 Ϫ CML stem cells sorted by FACS from CML patients. Western blot analysis showed that both total and phosphor CaMKII ␥ proteins were highly expressed in the CD34 ϩ /CD38 Ϫ CML LSCs, but low in CD34 Ϫ CML cells ( Figure 7A ), and in CD34 ϩ HSCs from healthy cord bloods ( Figure 7B ) and normal blood cells ( Figure 7C ). These data suggest that CaMKII ␥ might play a role in survival of LSCs. To substantiate these observations, we examined effect of CaMKII ␥ on ␤-catenin and Stat3 and found that CaMKII ␥ dramatically augmented ␤-catenin and phosphorylated Stat3 protein levels in leukemia cells ( Figure 7D ), suggesting that CaMKII ␥ can activate ␤-catenin and Stat3. To obtain biochemical evidence, coimmunoprecipitation was performed (supplemental Methods). Leukemia cell lysates were incubated with CaMKII ␥ antibody, and the immune complexes were then purified, separated by SDS-PAGE, and analyzed with Western blot. We found that ␤-catenin and Stat3 were present in a protein complex immunoprecipitated by the CaMKII ␥ antibody (Figure 7E-F) . These findings, together with previous studies, 25, 26 unravel that CaMKII ␥ is a critical molecular switch which could activate multiple LSC-related signaling networks including Wnt/␤-catenin, Stat3, and NF-B pathways.
Discussion
Since berbamine was first identified in 1940, 42 it has been used in TCM for treating a variety of diseases from inflammation to tumors for decades. 12, 13 However, its molecular target and mechanism of action remains elusive to date. During past decades, berbamine was thought to be calcium channel blocker and calmodulin antagonist. 16 Consistent with this, compound E6, an analog of berbamine, can inhibit calmodulin-dependent myosin light chain kinase (MLCK) activity. 33 In this study, we identified CaMKII ␥ as a specific and critical target of berbamine for its antileukemia activity. Targeting of berbamine to ATP-binding pocket of CaMKII ␥, a critical molecular switch regulating NF-B, Wnt/␤-catenin and Stat3 essential for survival and self-renewal of leukemia stem/progenitor cells, and the consequent inhibition of the CaMKII ␥ activity provides a unified and coherent mechanism that can account for the unique and potent antileukemia activity of berbamine against LSC and T315I mutant Bcr-Abl clones. Because both our observations and other data reveal that CaMKII ␥ is a critical regulator of multiple signaling networks regulating the proliferation of leukemia cells, the effect of berbamine on the inhibitory activity of multiple cancer-related signaling pathways, such as NF-B, Wnt/␤-catenin, and Stat3 pathways, can be explained by the inhibition of CaMKII ␥ activity.
A striking finding from this work is that berbamine inhibited proliferation of both T315I mutant CML cells and stem/progenitor cells through apoptosis. Both of these 2 types of leukemia cells are highly resistant to TKIs and chemotherapy agents. Notably, we further observed that berbamine efficiently eliminated IM-resistant leukemia xenograft tumors in mice. These observations can be explained by berbamine-mediated inhibition of downstream targets of CaMKII ␥: NF-B, Wnt/␤-catenin, and Stat3 pathways, which are constitutively activated in leukemia cells and essential for survival and self-renewal of leukemia stem/progenitor cells. Surprisingly, our findings define as a central pathogenic role for the CaMKII ␥ in LSC. CaMKII ␥ is highly activated in leukemia stem/progenitor cells but not in normal hematopoietic cells. Moreover, our results demonstrate that CaMKII ␥ not only promotes proliferation of leukemia cells, but also activates ␤-catenin, NF-B, and Stat3 networks essential for survival and self-renewal of LSC, which is consistent with our findings on the inhibitory activity of berbamine on ␤-catenin, NF-B, and Stat3 networks, thus explaining the anti-LSC activity of berbamine.
Intriguingly, both the modeling of berbamine bound to the ATP binding pocket of CaMKII ␥ and its mutation analysis, together with the fact that berbamine analogs inhibited phosphorylation of CaMKII ␥ and ATP molecules attenuated berbamine-mediated CaMKII ␥ activity, suggest that this compound might compete with ATP molecule. If that proves to be true, it would be of extraordinary that the berbamine might be the first ATP-competitive inhibitor of CaMKII ␥. Because current limited small-molecule inhibitors of CaMKII ␥, such as KN93, inhibit this enzymatic activity through interfering with their binding to the Ca 2ϩ /calmoduling complex, and exert considerably less inhibition on CaMKII ␥ activity, this kinase activation markedly diminishes the requirement for Ca 2ϩ / calmodulin binding to maintain enzymatic activity once it has become activated. 39, 43 These findings might be of significant value in the targeted therapy of leukemia, because berbamine inhibits CaMKII ␥ activity via directly targeting its ATP-binding pocket, and may exert much greater activity in inhibiting tumor cell growth than KN93. The possibility cannot be rule out that berbamine also binds to substrate binding site, regulating the interaction of the kinase with corresponding substrates.
CaMKII ␥ belongs to a subfamily of the Ca 2ϩ /calmodulindependent protein kinase II. 39, 43 CaMKII ␥ regulates many fundamental cellular functions and has been implicated in the pathogenesis of several diseases. Consistent with previous studies that CaMKII ␥ is a critical regulator of multiple cancer-related signaling pathways including NF-B, Wnt/␤-catenin, ERK, AKT, and Stat3 networks, [43] [44] [45] [46] our studies demonstrate that CaMKII ␥ acts as an important molecular switch which could activate multiple leukemia-associated signaling networks, such as ␤-catenin and Stat3 networks. Thus, inhibition of CaMKII ␥ by berbamine can account for berbamine-mediated down-regulations of multiple leukemia-related signaling networks and activation of cell death pathways. These findings also suggest that, as an inhibitor of CaMKII ␥ berbamine has potential to overcome drug resistance because of coactivation of multiple cancer-related signaling pathways. CaMKII ␥ IS A TARGET OF BERBAMINE 4837 BLOOD, 6 DECEMBER 2012 ⅐ VOLUME 120, NUMBER 24 For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From Finally, the pharmacologic properties of berbamine can be optimized and improved by analyzing the structure-activity relationships governing inhibition of CaMKII ␥ and target selectivity. In addition, berbamine concentration in blood in rat could be up to 6.4 g/mL, 47 which is higher than that of its IC50 values for CML cells. Thus, we propose that berbamine and its analogs may represent a new type of anticancer agent by targeting CaMKII ␥ for the treatment of CML.
